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Abstract 
The development of high brightness lasers was pushed enormously in the last five years. Two different trends can be noticed. 
Beside the continuous growing laser power in the multi mode sector up to 100 kW, diffraction limited laser systems are available
in the range up to 10 kW [1]. High power diffraction limited lasers deliver a new quantity of laser power induced aberrations [2]. 
Currently no online measurement equipment for optical aberrations is available. This paper describes an alternative online 
method to capture the optical aberrations of lenses. The developed tool allows a comparing benchmark of different optical 
components.  
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1. Motivation  
The flexibility of fibre-coupled laser systems, the high laser power and the beam quality of disk and fibre lasers 
allow a lot of new applications [3]. The focussing of one micron wavelength entails the use of transmitting optics. 
The conventional solid state rod systems (Nd: YAG-lasers) emit a usual multi-mode beam. The intensity distribution 
of such lasers is nearly linear. By adapting the difference of wavelength and considering the power intensity, the 
solutions of YAG-lasers can be assigned to multimode fibre and disk lasers [4]. The diffraction limited laser has 
different properties. The power distribution approaches nearly to the Gaussian beam profile. Therefore the laser 
intensity at the centre of the beam is multiple to the beam average. High power diffraction limited lasers deliver a 
new quantity of laser power induced aberrations [5]. The Fraunhofer IWS is using these latest state of the art laser 
sources for the development of new innovative technologies. The aimed deep process understanding gives the 
motivation to detect these aberrations and to consider it in our research topics. 
Aberrations of optical systems are well known since hundreds of years. The measurement can be done by 
different ways and are normally described by Seidel aberration or Zernike polynomials. The static detection of 
piston, tilt, defocus, astigmatism, coma and spherical aberration are state of the art [6]. This figure of merit describes 
the initial point of an optical element for usage in laser processes. The dependence on time regarding to the 
influence of laser power is almost unknown. State of the art is the measurement of power density distribution for the 
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X-Y-plane along the Z-axis [7]. This result delivers a snap shot of the dynamic change of different aberrations. The 
result is not satisfying to analyse the laser power induced aberrations. Experience proves that the main influences for 
cutting and welding processes are defocus, astigmatism and coma. Continuative tests show a minimal change of 
astigmatism and coma, but an enormous change of the defocus induced by the laser power. This influence can be 
demonstrated by a simple experiment. Therefore a very long welding seam was generated by an orbital helix to a 
pipe. This allows a non-stop welding process of ten minutes.  
Figure 1. Experimental focus shift verification 
The cut into two half pipes allows to evaluate the depth of the welding seam and conclusions to the focus shift.  
The result of a welding process is influenced by many parameters. The changing welding depth cannot refer only to 
the defocus without considering the remaining factors. The complex interaction allows identifying a trend, but not a 
complete statement about the influence of the focus shift. 
2. State of the Art 
2.1. Thermal aberrations 
Lens material, no matter fused silica or another one, has a minimal absorption for wavelength of one micron. The 
same effect can be noticed for anti-reflex coatings. Furthermore material properties like specific heat capacity, 
thermal conductivity, scatter coefficient and cooling effects generate an individual thermal distribution T(x, y, z). 
The refraction index depends on the substrate temperature and the material coefficient. This entails a fluctuant 
refraction index in the lens. Additional the thermal linear expansion coefficient causes a curvature of the lens shape. 
They are well known as thermal optical and photo elastic effects [9].  
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Figure 2. Thermal induced thermal optical and photo elastic effects 
This describes the effects for an ideal lens. The manufacture process is restricted to production tolerances. The 
ISO 10110 describes the minimum requirements for cleanliness, surface quality and surface figure tolerance. In the 
result the same lens type from the same supplier can behave different. This character of a lens can mostly be seen in 
the process result, because no online measurement equipment for high laser power is available. Furthermore the 
manufacturer of optical elements need a reliable tool to validate their recent developments of optical elements for 
high power diffraction limited lasers under load conditions.  
2.2. Measurement equipment 
The available measurement equipment is divided into two methods. The principal of serial scanning takes a lot of 
time and allows no online measurement. This concept renounces attenuating elements, which reduces the 
measureable power density. The camera based method, using a CCD-camera, allows an online measurement, but 
adulterates the result by attenuating and imaging elements, which are although influenced by the high laser power. 
                    Serial scanning                     Camera based method
Figure 3. Scheme of different measurement methods for power density distributions [8] 
Two drawbacks can be fixed. Generally, the high power laser beam is used for the measurement. The variability 
of the laser beam adulterates the result. The absence of a real time measurement of the scanning system, rather the 
attenuating and imaging elements of the camera based system do not allow a comparable benchmark of a single 
optical element. It allows estimating a complete system consisting of laser, collimating unit and focusing unit. These 
measurements are limited to few operating points and allow no conclusion about the point for optimization.   
782  Patrick Herwig et al. and Physics Procedia 12 (2011) 779–786
Figure 5. Principle of the wave front sensor  
3. Experimental 
First of all the status quo of the established devices has to be identified. The results were collected by the 
FocusMonitor (Primes). The comparability is secured by identical measurement proceedings. After exactly two 
minutes the measurement was started. The measurement took twenty seconds. Later it is shown that the focal shift 
for this time period is nearly constant. The temperature of the lens was checked before starting a new measurement. 
The cool down of a lens loaded with one kilowatt laser power takes more than 10 minutes. The results can be seen in 
Figure 4. The measurement is limited by the power density of the focal area. That’s why the measurement only for 
100 Watt can be done at the focal plane. All other results are fit by values before and beyond the focal point. The 
described doubt of the measurement equipment induced to compare the elements without mentioning the supplier of 
the elements. The perceptions are the unsuitable use of BK7 and partial significant differences of fused silica lenses 
of different suppliers.   
 Figure 4. Measurement results of the Primes FocusMonitor of several lenses 
These measurements were repeated by a MicroSpotMonitor (Primes). In general the results were comparable to 
the FocusMonitor. In sum the static focus shift of standard lenses is located between a half and a full Rayleigh 
length. Further new setups were tested to collect time resulted data. A parallel line-scan-measurement before and 
beyond the focal point did not achieve the desired results. 
An alternative method was found by a wave-front-
sensor (WFS) regarding to the Hartmann-Schack principle. 
This method is well known for measurements of surface 
curvatures or even to characterize the figure of merit of 
lenses without high laser power. The illumination generates 
a parallel wave front, which can be corrected by a 
calibration surface. The exchange to the measurement 
device allows the calculation of the change regarding the 
calibration. Afterwards the changes caused by the laser 
beam can be measured. 
The sensing element consists of a micro-lens-array and a 
CCD-Camera. The vectors of the micro lens array allow 
fitting the thermal cautious to Zernike polynomials. Such 
WFS is designed for an illumination power in the range of 
some milliwatts, so the main task is the protection of the 
WFS to the high laser power.  
The setup is divided in the high power laser beam and the measurement beam. The two beams are working at an 
angle of 10 degrees. This allows separating the measurement beam from the laser beam and the protection of the 
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Figure 6. Beam path of measurement device  
WFS. The relative method allows measuring the difference between laser influenced and non influenced element. 
By using a fast firewire camera interface and special binding algorithms it is possible to record a large amount of 
data in a short time. After that the variation for every time step can be calculated. 
The pretesting of different WFS systems detected the optimal combination of CCD-camera, illumination, micro 
lens array and telescope. The measurement gets influenced by the air flow of the environment. The whole 
measurement device gets capsulated against the environment. The physical setup can be seen in Figure 7. 
Figure 7. Wave front sensor measuring unit 
Typical measure results can be seen in Figure 8 after four and eight seconds. The plane wave-front gets distorted by 
heating the lens. The temperature-sensitive refraction index changes can be evaluated.  
The Zernike polynomial        1202  zzR       presents the defocus of the element.  
A simple series connection of nominal focal length and thermal focal length delivers the real focal length. The 
wavelength difference between laser and illumination can be considered by a correction factor. 
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Figure 8. typical measurement results 
For the following tests the same lenses (fs-lens 1, 2, 3), laser (YLR 1000 SM, fiber core  = 14 μm, na = 0.05, 
SPP = 0.4 mm mrad) and collimator (f=120 mm) were chosen.  
Exemplary the results of fused silica lens 3 (f = 458.3 mm; zr= 2.058 mm) will demonstrate the performance of 
the developed device. Regarding to the gone measurement a first period of 85 seconds was fixed. The sampling rate 
was defined to 5 Hz. Every laser power was measured three times. The root means square deviation of the results is 
less than 2.7 %.  
Figure 9. Absolute focus shift at different laser power 
The absolute focal shift complicates a comparison of lenses with different focal distances. Therefore the 
normalization to the Rayleigh Length is useful. The focal shift between zero and 1000 watt amounts 60 % of the 
Rayleigh length.   
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Figure 10. Focus shift normalized to Rayleigh-Length at different laser power 
The measurement of high laser power shows no static focus shift after 85 seconds. Hence a long time 
measurement of 10 minutes was accomplished. 
Figure 11. Focus shift propagation at long time measurement at different laser power 
A static focus shift for 200, 400 and 600 watts can be seen after a certain time. This static value is not cognizable 
for 800 watts.   
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4. Results 
The developed device enables an online measurement of laser power induced aberrations by using diffraction 
limited lasers in the multi kilowatt range. The experimental results gives a new view into the thermal induces focus 
shift in a new temporal and absolute resolution. The elimination of laser source and other optical elements as source 
of errors allows a non-influenced characterisation of optical elements. The focus shift of the whole system (laser, 
collimator, focussing lens) is twice bigger than for the single focussing lens. The results show the change influenced 
by the laser, but decoupled from the causing laser beam.  
5. Discussion 
At the moment only the thermal focus shift was detected. The next step will be the evaluation of the remaining 
aberrations like astigmatism, coma and spherical aberration. The figure of merit for non-influenced lenses can be 
measured by few handles. The possibility to measure simple focus shift and the ISO Zernike polynomials appeals 
developer and endusers, simultaneous. The fractional costs regarding to established measurement equipment 
amplifies an additional interest. Further complex scenarios of laser-on-time can be simulated.  
Now there is a possibility to analyse a laser system part by part. The optimization piece by piece can be pursued 
systematically. Anymore a comparison can be done for bare and anti-reflex-coated substrates. The new 
measurement device cannot substitute established equipment like the FocusMonitor or MicroSpotMonitor, but it can 
enlarge the comprehension of the complex interaction of high brightness lasers and optical elements. Further 
developments will allow the measurement of lenses, mirrors and cover glasses, influenced by laser power.  
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